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Contraction alkalosis in awake rat: Study of its generation and
24-hour follow-up. Two groups of awake rats were used to study
the role played by the contraction of extracellular water (ECW)
in the generation of alkalosis following an i,v. injection of furose-
mide, 25 mg/kg' of body wt. In the first group, iterative sam-
pling was performed until the 5th hour after the injection. In the
second group, the first sample was drawn at the 5th hour. ECW
contracted by 19% 2 hours after the furosemide injection in
group 1 and by 25% 5 hours after the injection in group 2. During
the same periods, plasma bicarbonate concentrittion (PHcO,) in-
creased by 4.1 and 2.7 mmoles liter1 in groups I and 2, respec-
tively. This was far below the theoretical increase (6.1 and 8.0
mmoles . liter') calculated from the degree of ECW contraction.
Simultaneously, arterial Pco2 rose by 4 mm Hg (group I) and 2
mm Hg (group 2), and the APCO2hWHCO, ratio was 0.97 and 0.74
mm Hg per mmole for groups I and 2, respectively. Arterial
blood pH increased by only 0.02 U in both groups, Net hydrogen
ion excretion rate did not change. The urinary excretion rate of
both bicarbonate and titratable acidity (TA) significantly in-
creased, whereas the ammonium excretion rate and urinary pH
were not modified. From the 5th to the 22nd or the 24th hour,
PHCO, and arterial Pco2 progressively decreased, despite a per-
sistent contraction and an increased net urinary hydrogen ion
excretion, with a greater TA excretion and a lower urinary pH
than controls had. We found that the alkalosis occurring during
the first 5 hours was a pure "contraction alkalosis," since the
hydrogen ion balance was not altered. Furosemide inhibition of
carbonic anhydrase could explain the enhancement of the rate of
bicarbonate excretion. The increase in the rate of TA excretion
could be caused by a rise of both urinary phosphate excretion
and distal hydrogen ion secretion. The increase in PHCO, was miti-
gated by a large net bicarbonate transfer into cells, as high as
12% (group I) and 21% (group 2) of the initial extracellular store.
It was significantly correlated to the degree of ECW contraction.
From the 5th to the 24th hour, the rise of net urinary hydrogen
ion excretion was presumably linked to the increased excretion
of phosphates and other poorly reabsorbable anions retained in
plasma during the acute phase of contraction. A persistent shift
of bicarbonate into cells might account for the fall in bicarbonate
concentration occurring during this period.
Alcalose de contraction chez le rat éveillé: Génèse et evolution
sur 24 heures. Le role de Ia contraction des liquides extra-
cellulaires (LEC) dans Ia genése d'une alcalose a été étudié
aprés injection i.v. de furosémide, 25 mg kg, chez l'animal
éveillé. Deux groupes de rats ont été utilisés, Ic premier sub-
issant des prelèvements sanguins itératifs pendant les 5 heures
suivant l'injection, le deuxième ne subissant Ic premier prélève-
ment qu'a Ia Se heure. Le LEC etait contracté de 19% des Ia
deuxième heure dans le groupe I et de 25% it Ia 5e heure dans le
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groupe 2. Aux mêmes temps, Ia concentration plasmatique en
bicarbonates (PHcO,) était augmentCe de 4,1 et 2,7 mmoles/litre
respectivement. Ces augmentations étaient trés infCrieures a
celles calculCes a partir du degrC de contraction, respectivement
de 6,1 et 8,0 nmoles par litre. La Pco2 arterielle augmentait paral-
lClement de 4 et 2 mm Hg, respectivement, avec un rapport
Paco,/PHCO3 Cgal a 0,97 (groupe 1) et 0,74 (groupe 2) mm
Hg/mmole/litre. Le pH artCriel augmentait de 0,02 U dans les
deux groupes. Aucune variation significative de l'excrétion
urinaire nette d'ions hydrogene n'a été mise en evidence a cette
période. L'excrétion urinaire de bicarbonates et d'acidité titrable
Ctait significativement augmentee dans les deux groupes, cepen-
dant que I'excrétion d'ammoniaque et Ic pH urinaire ne varialent
pas. De Ia Seitla 22e ou 24e heure, Ia PHCO, et Ia Pco2 diminuaient
progressivement dans les deux groupes, malgré Ia persistance de
Ia contraction et l'augmentation de I'excrétion nette d'acide avec
une augmentation de l'excrCtion de l'acidité titrable et un abaisse-
ment du pH urinaire par rapport aux valeurs de contrôle. L'alca-
lose observCe pandant les premieres heures est une "alcalose de
contraction" pure puisque Ic bilan d'ions hydrogene n'est pas
modiflé. L'augmentation de l'excrCtion urinaire de bicarbonate
est probablement liée a l'action antianhydrase carbonique de Ia
furosémide. L'augmentation de l'acidité titrable semble due a
I'augmentation de l'excrCtion urinaire des phosphates et de Ia
secretion distale d'ions hydrogene. L'attCnuation importante de
l'augmentation de Ia PHCO. résulte d'un transfert net de bicarbo-
nate vers les cellules, reprCsentant 12% 'a 21%, respectivement,
pour les groupes I et 2 du stock initial de bicarbonate. Ce trans-
fert est corrClé significativement au degrC de contraction du
LEC. Dc Ia 5e a Ia 22e ou Ia 24e heure, l'augmentation de
l'excrCtion urinaire nette d'ions hydrogene semble lide it
l'augmentation de l'excrCtion de phosphates et d'autres anions
peu rCabsorbables, accumulCs dans le plasma pendant Ia phase
aigue de Ia contraction. La persistance d'un transfert net de bi-
carbonate vers les cellules pourrait expliquer Ia diminution pro-
gressive de PHCO. observCe it cette phase.
Acute changes in the extracellular water (ECW)
volume, with no modification of the hydrogen ion
balance and with a constant bicarbonate store, may
theoretically generate acid-base disorders, causing
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acidosis in case of dilution or alkalosis during the
contraction of the ECW volume [1]. The dilution
acidosis, resulting from the infusion of fluids that
are similar to the extracellular medium but which
are bicarbonate-free, has recently been investigated
[2, 3]. Acidosis is attenuated primarily by a shift of
bicarbonate from the intracellular to the extra-
cellular compartment. The kidney does not partici-
pate in the regulation of this acidosis [3]. On the
contrary, contraction alkalosis resulting from the
removal of fluids similar to the extracellular medi-
um and without significant bicarbonate loss, has
thus far not been studied [1]. Under these circum-
stances, alkalosis may result from an increase of the
plasma bicarbonate concentration. The degree of al-
kalosis would then depend on the magnitude of an
eventual respiratory compensation. In previous
studies dealing with the contraction of the extra-
cellular space, the metabolic alkalosis was studied
only after repeated administration of diuretics when
bicarbonate generation by the kidney was prevalent
[4, 5].
The present report deals with the demonstration
of a pure contraction alkalosis and the study of its
compensation mechanisms. Thus, we investigated
(1) the renal response to contraction, (2) the bi-
carbonate shift across the cell membrane, and (3)
respiratory compensation. For the latter, the use of
conscious, unrestrained, and nonventilated animals
was of particular interest. Furthermore, it enabled
us to study evolution of the alkalosis in a 24-hour
follow-up.
Methods
The experiments were conducted in male Wistar
rats weighing between 250 and 365 g.
Preparation of the animals. On the day preceding
the experiment, while the animals were under light
ether anesthesia, two catheters were inserted into
the jugular vein and the carotid artery. The can-
nulae were tunneled subcutaneously and brought
out at the back of the neck. The rats were then
housed, unrestrained, in metabolic cages, which
permitted the separate collection of urine and feces.
At the beginning of the experiment, two long cath-
eters were connected to those already in place; they
emerged over the roof of the cage. The animals thus
were not stressed, since they were unaware of sam-
plings or infusions which were always performed
outside the cage.
Blood sampling. Because of the large volumes re-
quired by the method (from 1.5 to 2.3 ml), all blood
withdrawals from the carotid artery were corn-
pensated by simultaneous isovolumetric blood in-
fusions through the jugular vein. At the beginning of
the experiment, a donor rat was slightly anesthe-
tized with ether, and 8 to 10 ml of blood were drawn
from the jugular vein and stored at 4° C until used
(within 4 to 5 hours). Blood samplings and trans-
fusions were performed at a very low rate (1 ml/3
mm) to prevent any hemodynamic disturbances.
Urine sampling. Urine was collected under vase-
line oil in the collecting tube, placed in crushed ice
throughout the experiment. Thymol crystals were
added as preservative.
Experimental protocol: Control groups. Control
blood acid-base status was determined in a group of
six catheterized rats. Samples of blood (1.5 ml)
were drawn hourly from the 2nd to the 5th hour af-
ter the rats had been weighed, placed in the meta-
bolic cages, and the collection catheters had been
placed as described above. A second group of 11
rats, 6 of which were fasted, was used to demon-
strate any possible nyctohemeral variations in the
excretion rates of urinary ions. All the rats were
prepared one day prior to the experiment in the
same way as the experimental groups.
Experimental groups. After the catheters were in-
serted, the animals were fasted but were allowed to
drink deionized water. ECW contraction was pro-
voked in all the animals by one i.v. injection of fu-
rosemide (25 mg . kg' of body wt) at time 0. They
were then deprived of water; they were allowed
food and deionized water again just after the sam-
pling on the 22nd or the 24th hour.
In a first group of six rats (group 1), we studied
the generation and evolution of the alkalosis. Blood
samples of 1.5 ml each were withdrawn prior to the
furosemide injection (control) and then at 1, 2, 5,
22, and 27 hours after injection. Urine was collected
for 18 hours before the injection and then between
hours 0 and 2, 2 and 22 to 27 hours after the injec-
tion. In this group, only certain measurements were
performed to avoid drawing too much blood. Thus,
three other groups were selected to complete the
experimental protocol: In a group of seven rats
(group 2), we obtained additional data and eliminat-
ed the repeated blood sampling during the first
hours, so that we sampled blood (2.3 ml each time)
and urine only at hours 0, 5, 24, and 29. In a group
of six rats, separated from the main experiment, we
determined the average variation of plasma protein
concentration. In a group of four rats, we measured
the changes in glomerular filtration rate (GFR) after
drug injection.
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Measurements. Po2, Pco2, and pH in both plasma
and urine were determined with a micromethod
(Combi-analysator Eschweiller). Osmolality was
measured with a Fiske osmometer. Plasma concen-
trations of sodium and potassium were determined
by flame photometry; chloride content was deter-
mined by a coulometric method (CMT-10, Radiom-
eter). Glucose and lactate concentrations were de-
termined enzymatically. Blood and urine phos-
phates were determined colorimetrically [6]. Blood
urea was measured by the diacetylmonoxime meth-
od, and plasma proteins, by the Biuret method. He-
moglobin was evaluated as cyanmethemoglobin;
hematocrit was measured after centrifugation of
blood at x 15,000g for 30 mm. The urinary titratable
acid (TA) was measured titrimetrically. For urine
ammonium, we utilized a titrimetric method derived
from that of Siggaard-Andersen [7]. Inulin used to
evaluate GFR was determined in both plasma and
urine by the resorcinol method [8]. The arterial
catheter was connected to a Statham P23 pressure
tranducer, enabling arterial pressure and cardiac
rate to be recorded.
Calculations. Plasma and urine bicarbonate con-
centrations were calculated using the Henderson-
Hasselbaich equation, with 0.0308 as the carbon
dioxide solubility coefficient and assuming that the
pK' of carbonic acid in plasma is pH-dependent, at
370 C [9]. The pK' of carbonic acid in urine was cal-
culated as follows:
pK' = 6.33 — 0.5 \/(Na) + (K),
the concentrations of both sodium and potassium
ions being expressed as equivalents liter of urine.
Extracellular bicarbonate was evaluated by cor-
recting the plasma bicarbonate concentration for
changes in plasma protein concentration and for the
Donnan effect (Donnan factor = 1.05 for anions).
The variations of extracellular water were esti-
mated from changes in the chloride space, assuming
the initial value for ECW to be 20% of body weight.
At constant Pco2, the final bicarbonate store in
the ECW after contraction should theoretically be
equal to the initial extracellular bicarbonate store
corrected by three factors: (1) changes in the hydro-
gen ion balance from control values, (2) the role of
nonbicarbonate buffers, and (3) bicarbonate shifts
into erythrocyte. For the two latter factors, the
equation used by Singer Ct al [10] was modified
for rats: plasma and erythrocyte volumes were as-
sumed to be 39 ml kg and 30 ml kg', respective-
ly [11]. The initial values for hemoglobin and hema-
toent were those of the control period. The initial
value of plasma protein was the mean of those
obtained from the extra group of six rats. Any
difference between theoretical and observed bi-
carbonate stores was attributed only to a shift of
the ion across cell membrane. The entire calcu-
lation for one particular experiment is given in the
appendix.
Statistical analysis. Mean differences were com-
pared by analysis of variance. The correlation coef-
ficients and the regression lines were calculated us-
ing the least squares method.
Results
Table 1 shows the great stability of hemodynamic
and blood acid-base values in normal rats prepared
as the treated animals.
Table 2 indicates the nyctohemeral variations of
bicarbonate, TA, and ammonium excretion rates in
fasting and nonfasting control rats. No difference in
Table 1. Evolution of blood and hemodynamic variables in six normal rats' b
Variables
Time elapsed after handling
+ 2 hr + 3 hr + 4 hr + 5 hr
Cardiac rate, counis/min
Before blood sampling 424 75 412 59 430 58 434 68
After blood sampling 374 41 401 44 414 61 432 100
Mean arterial pressure, mm Hg
Beforeblood sampling 109 13 110 9 116 15 119 20
Afterblood sampling 116 7 115 13 121 17 121 27
Arterial Po2, mm Hg 87.1 2.6 86.1 3.8 85.3 6.4 85.8 6.2
Arterial Pco2, mm Hg 37.4 2.2 36.3 4.0 37.0 3.0 35.6 4.1
pH 7.456 0.013 7.459 0.019 7.461 0.017 7.469 0.032
Bicarbonate,mmoles liter' 26.7 1.5 26.1 2.6 26.7 2.0 26.2 2.2
a Values are the means SD.
b Acid-base status of the blood was studied in the same conditions as those in experimental animals. None of the differences were
significant.
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Table 2. Urinary excretion rates and urine pH in control ratsa
Fasted rats Nonfasted rats
Period N pH
HC03 TA NH4 H b
N pH
HC03 TA NH4 H"
p..'noles ' min' 4wnoles min'
18—0 hr
0—5 hr
5-24 hr
24-29 hr
7
I
7
7
6,535
0.622
7.6!
6.039
0.524
6.001
0.116
0.051
0.042
0.018
0.008
0.016
0.002
0.001
0.36 0.25
0.22 0.17
0.02 0.02
0.61 0.27
0.17 0.08
0.77 0.50
0.18 0.15
0.56
0.40
0.022
0.87
0.24
1.27
0.29
5
5
3
3
6.587
0.553
6.640
6.428
0.859
6.358
1.070
0.087
0.106
0.054
0.035
0.109
0.034
0.135
0,52 0.21
0.25 0.17
0.32 0.14
0.52 0.42
0.44 0.93
0.38 0.27
0.69 0.54
0.65
0.25
0.41
0.91
1.4
0.61
1.26
a Values are the means SD. Abbreviations used are N, no. of animals; HC03, bicarbonate; TA, titratable acid; NH4, ammonium;
H, hydrogen ion.
Net hydrogen ion excretion was calculated as TA + NH4 — HC03.
net hydrogen ion excretion rate appeared until the
24th hour. Net acid excretion increased significant-
ly only at the 29th hour in the fasting group.
Tables 3—7 show the modifications of blood and
urine variables measured or calculated in the exper-
imental groups 1 and 2.
Changes in water and electrolyte balance. Mean
ECW contraction value was 19% in group I (range,
15.1 to 24.4%) at the 2nd hour following furosemide
injection, and 25% in group 2 (range, 20.2 to 3 1.9%)
at the 5th hour. Thereafter, contraction increased
only slightly, reaching 21% at the 22nd hour in
group I and 27% and 28% at the 24th and at the 29th
hour in group 2. The difference observed between
the 2nd hour contraction in group 1 and that of the
5th hour in group 2 was unexpected, since the effect
of furosemide diminishes after 2 hours. It should be
emphasized, however, that group I was studied in
winter, the group 2 in summer, and that the mean
body weight was smaller in the second group. Be-
cause of this unexplained difference in ECW con-
traction, mean experimental values were expressed
separately for each group; data, however, were
grouped for correlation tests dealing with the degree
of contraction.
Mean arterial pressure was not significantly modi-
fied in either group. Urinary excretions of sodium,
chloride, and potassium were markedly enhanced
during the first hours following furosemide injec-
tion. Plasma concentrations of potassium and chlo-
ride decreased significantly. The plasma concentra-
tion of sodium was not modified during the first
hours. Mean GFR determined in the extra group of
four rats decreased from 2.3 0.6 mlmin1 to 1.5
Table 3. Effects of furosemide on weight and blood variables in group 1(6 rats)
Variables
Time of sampling
0 1 hr 2 hr 5 hr 22 hr 27 hr
Arterial pressure,mm Hg
Arterial Po2,m,n Hg
ArterialPco2,rnm Hg
pH
Bicarbonate, mmoles ' liter'
Osmolality,rnOsrn 'kg'H20
Sodium, mmoles liter'
Potassium,mmo!es ' liter'
Chloride,mmoles . liter'
Hemoglobin,g liter'
Hematocrit,%
Weight,g
126 10
93 6
36 3
7.453 0.017
25.6 1.3
295 4
143 1
4.2 0.3
99 2
153 16
48 1.7
325 25
122 17
92 3
36 2
7.478 00Ø7d
27.4 l.6
300 7
144 3
3.7 0.1"
93 2"
167 15
51 1b
—
106 11
92 3
38 2
7.472 0,010b
28.5 1.2"
298 5
145 3
3.8 0.l
92 1"
152 32
49 2"
310 24
112 12
92 9
40 2
7477 0.0l3c
29.7 1.3"
303 6"
145 2
4.0 0.2
92 2"
158 24
49 3"
309 24
114 5
91 7
38 1
7.473 0.0I9'
28.5 1.3"
305 4"
145 1
3.9 0.l'
93 d
144 27
46 3"
296 25
107 10
91 4
38 2
7.470 0.007
27.9 l.S
303 7b
142 3
4.0 0.3"
93 3'
150 14
45 4"
30! 23
a Values are the mean SD.b < 0.05, compared to control period.
P < 0.01, compared to control period.
P < 0.001, compared to control period.
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Table 4. Effects of furosemide on weight and blood variables in group 2 (7 rats)a
Time of sampling
Variables 0 + 5hr + 24hr + 29hr
Arterialpressure,mmHg 126 13 126± 13 121 11 111 9
Arterial Po2,mm Hg 94 8 90 8 93 8 97 5
Arterial Pco,, mm FIg 34 3 36 4 35 3 34 3
pH 7.458 0.023 7.479 0.025 7.469 0.010 7.471 0.016
Bicarbonate, mmoles liter 24.5 0.9 27.2 2.6' 25.8 2.1 25.1 1.9
Osmolality,inOsm kg'H,O 290 2 294 2" 296 4b 293 3b
Sodium, mrnoles liter' 143 2 145 2 146 3" 138 4b
Potassium,mmoles liter-' 4.2 0.4 3.8 0.2" 3.7 0.4" 3.7 0.4b
Chloride, mmoles liter' 99 2 92 2C 93 2' 93 2
Phosphate, mmoles liter—' 2.2 0.3 2.7 0.3' 1.9 0.1' 1,8 0.1'
Lactate,mmoles liter—' 1.46 0.41 1.72 0.72 1.53 0.38 1.83 0.80
Urea,g ' liter' 0.40 0.06 0.68 0.06c 0.84 0.22b 0.77 0.18"
Glucose,g liter' 0.85 0.09 0.82 0.07 0.80 0.15 0.93 0.05
Hemoglobin,g liter' 146 9 161 6" 147 15 145 33
Hematocrit, % 45 2 49 2b 44 4 45 3
Weight,g 269 15 253 13 240 12 245 13
a Values are the means SD,
"p < 0.05, compared to control period.
P < 0.001, compared to control period.
0.7 m1 min', that is, a reduction of 35% within 2 Acid-base balance changes in urine. In group 1,
hours following the furosemide injection, resulting the excretion rate of bicarbonate and TA increased
from acute major contraction of the ECW volume, significantly during the first 2 hours after injection,
Acid-base balance changes in plasma. Bicarbo- whereas the excretion rate of ammonium and uri-
nate concentration was significantly elevated as nary pH were not modified. In group 2, the rate of
early as the 1st hour after injection and continued to bicarbonate excretion rose significantly during the
rise until the 5th hour in both groups. Then it pro- first 5 hours, but it did so much less than it did in
gressively decreased, but it did not return to its mi- group 1. The excretion rate of TA was unchanged
tial value. The anion gap (Na4 — [C1 + HC03]) and the excretion rate of ammonium decreased
was increased by S to 6 mEq' liter'. This was due slightly. Urine pH was not modified. In fact, it
mainly to the increase of plasma protein concentra- should be noted that in both groups the 0- to 5-hour
tion. Indeed, this concentration, measured in an ad- urine samples actually voided within the first 2
ditional group of six rats, increased from 60.0 4.1 hours following the injection. Thus, when calcu-
to 70.8 4.5 g' liter—', 5 hours after furosemide in- lated over a 2-hour period, the increased of the rate
jection. To a lesser extent, it also resulted from the of bicarbonate and TA excretion in group 2 was
observed rise of plasma phosphate and to the prob- similar to that of group 1, and the ammonium excre-
able increase of plasma sulfate, creatinate, and or- tion rate was similar to that of group 1. In both
ganic anions following the immediate reduction of groups, the rise in net hydrogen ion excretion was
GFR. not significant. Within the periods of 2 to 22 hours
Table 5. Urinary excretion rates and urine pH in group 1'
HCO, TA NH44 H+b Sodium Potassium Chloride
Period pH jmoles ' ,nin'
Control, l8—Ohr 6.231 0.090 0.013 0.008 0.37 0.22 0.39 0.25 0.77 0.48 0.5 0.3 1.1 0.4 0.7 0.4
0-2 hr 6.559 0.249 0.207 0.098' 0.86 0.50e 0.37 0.28 0.99 0.51 11.6 2.3' 3.2 0.7 13.9 3.2'
2-.22hr 5.754 0.199 0.001 0.001 0,63 0.19' 0.44 0.16 1.07 0.32 0.2 0.1 0.7 0.1" 0.06 0.02'
aValues are the means SD. See Table 2 for definition of abbreviations.
"Net H4 excretion (TA + NH4' — HCO,-)
P < 0.05, compared to control period.
P < 0.01, compared to control period.
'P < 0.001, compared to control period.
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Table 6. Urinary excretion rates and urine pH in group 2a
HCO3" TA
Period pH
NH4 H Na Cl PO
pinoles min'
Control,
18-0 hr 6.841 0.201 0.048 0.037 0.55 0.12 0.31 0.16 0,81 0.28 0.9 0.4 1.4 0.5 0.96 0.45 0.60 0.1
0-5 hr 6.490 0.262 0.092 0052d 0.58 0.36 0.18 0.20 0.67 0.59 5.4 0.8' 2.1 0.5 6.14 0.98' 0.59 0.08
5—24 hr 5.687 0.117 0.0007 0.0003' 1.08 0.27' 0,48 0.15 1,56 Ø,35t 0.2 O.le 1.0 O.2 0.06 0.03' 0.89 Ø07d
24-
29 hr 5.947 0.086 0.002 0.008 0.73 0.34 0.36 0.34 1.10 0.45d 0.1 O.le 1.0 0,3d 0.5 0.04' 0.75 0.22
0-2 hrc — 0.216 0.l26d 1.39 0.94d 0.43 0.49 1.60 1.49 12.7 1.9' 5.05 1.5' 14.50 2.5' 1.47 0.23'
a Values are the means SD. See Table 2 for definition of abbreviations. Results of the 24-29-hr period were obtained from 3 animals.
b Net H excretion was calculated as TA ÷ NH4 — HCO3
Excretion rates of 0—S-hr period was calculated on the 0—2-hr period, for 0—5-hr collected urine samples were voided within 2 hours.'There was a significant difference compared with the control period: 'p < 0.05, P < 0.01, 'P < 0.001. Results of the 24—29-hr
period were obtained from three animals.
or 5 to 24 hours, urine pH decreased, and bicar-
bonate excretion fell below control values. TA re-
mained high, and ammonium was unchanged. Net
hydrogen ion excretion was augmented in both
groups, but it was significant only in group 2.
Respiratory compensation. The evolutions of ar-
terial Pco2 and PHCO3 were similar (Tables 3 and 4).
Arterial Pco2 increased until the 5th hour, the
PCOt/PHcoa ratio being equal to 0.97 and 0.74 mm
Hg mmole1 in groups 1 and 2, respectively. Con-
sidering the totality of the results, zPco2 was signif-
icantly correlated with LPHCO3 : Pco2 = 0.86
Pnco3 — 0.63 (N = 13 ; r = 0.86 ; P < 0.001). Arte-
rial blood pH increased by only 0.02 U in both
groups. After the 5th hour, PHCO3 and arterial Pco2
progressively decreased, but did not return to con-
trol values.
Bicarbonate transfer between extracellular and
intracellular compartments. Within the first hours
following injection, the P03 remained far below
the theoretical concentration calculated from the
contraction of ECW volume (Table 7). For a con-
traction of 19% in group I and of 25% in group 2, the
increase of PHCO3 averaged only 11% for both
groups. Since the hydrogen ion balance was un-
changed, the different factors moderated this in-
crease in the following proportions: 49% (group 1)
and 2.9% (group 2) for nonbicarbonate buffers,
4.9% and 3.9% for bicarbonate shift into erythro-
cytes, and the remaining 90.3% and 93.2% for bi-
carbonate transfer into the cellular compartment.
The mean calculated quantity of bicarbonate enter-
ing cells was 12% of the initial extracellular bicarbo-
nate store at the 2nd hour for group I and 21% at the
5th hour for group 2.
Discussion
Contraction of ECW is known to maintain a
metabolic alkalosis regardless of its origin, through
an increase in tubular reabsorption of bicarbonate.
Table 7. Derived data in groups 1 and 2
Plasma Theoretical
Time of
sampling
ECF volume
ml
Contraction
%
HC03 plasma HC03
mmoles ' liter'
Group!:0 hr 65 5 — 25.6 1.3 —
+2 hr 53 4 19 28.5 1.2 31.7 1.6
+5 hr — 29.7± 1.3 —
+22 hr SI 4 21 28.5 1.3 32.6 2.5
+27 hr — — 27.9 1.8 —
Group 2:0 hr 54 3 — 24.5 0.9 —
+5 hr 40 2 25 27,2 2.6 32.5 3,0
+24hr 39±2 27 25.8 2.1
2 28 25.1 1.9 34.5 2.8
a Values are the means SD.
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The present study demonstrates that the contrac-
tion itself is capable of generating alkalosis in the
absence of changes in hydrogen ion balance. The
plasma bicarbonate increase is less than expected
from the degree of ECW contraction, due to a net
transfer of bicarbonate into cells. A respiratory
compensation occurs during this alkalosis. Such an
alkalosis has recently demonstrated in man during a
mild ECW contraction induced by furosemide [12].
Discussion of the method
Influence of blood samplings and transfusions on
the results. To prevent the possible hemodynamic
disturbances, likely to occur after repeated blood
withdrawal, blood was transfused. This method is
believed not to significantly alter the results. In-
deed, withdrawn and perfused blood volumes al-
ways represented only a small percentage of the to-
tal blood volume (10%). The operation was con-
ducted very slowly, so that arterial pressure and
cardiac rate would not vary significantly (Table 1).
In control rats, this method did not modify the
blood acid-base status (Table 1). Moreover, al-
though the infused blood was more acidic (pH, 0.05
to 0.15) than the host arterial blood, it proved to
have no influence on the acid-base status of the re-
cipient animal. Indeed, the amount of lactic acid
generated in stored blood is equal to the decrease of
bicarbonate content. When this preserved blood is
transfused, lactates are rapidly metabolized in the
liver, and the initial value for bicarbonate content of
transfused blood is restored. In experimental rats, it
may be expected that transfusing "normal" blood
into animals who are developing metabolic alkalosis
would tend to moderate the increase in plasma bi-
carbonate. Actually, this may be disregarded since
the volume of "normal" transfused plasma repre-
sented only 5% of extracellular volume at the 2nd
hour in group I and 4% at the 5th hour in group 2.
Evaluation of ECW variations. No method cur-
rently available is capable of providing the actual
value for ECW volume. Furthermore, these meth-
ods require numerous blood samplings and are not
appropriate in the present instance which involved
a nonsteady state. Thus, we chose to estimate the
initial ECW and to calculate its variations from
those of the chloride space, assuming there were
not significant chloride shifts across cell mem-
branes. The initial ECW volume was estimated to
be 20% of the body weight, a value close to the
19.8% calculated from the inulin distribution vol-
ume (21%) [13]. In addition, if the calculations are
based on the greatest ECW volume indicated in the
literature (24% of body weight [14]), corresponding
to the bromide space of 30% of body weight, the
shift of bicarbonate into cells is not significantly
changed. Using the variations in plasma chloride
concentrations to evaluate the ECW changes re-
quires that no significant net chloride transfer oc-
curs across cell membranes. In the present study,
such a transfer possibly exists but remains negli-
gible. Indeed, whenever large transfers of bicarbo-
nate into cells were reported in acute metabolic al-
kalosis, the shift of chloride into cells was found to
be small [15]. In addition, the decrease of the ECW
volume calculated in such a manner was not found
to be significantly different from weight loss in our
experiments. Measurements of plasma protein con-
centration variations were necessary to estimate
chloride concentration in plasma water from plasma
chloride concentration. Unfortunately, these mea-
surements could not be performed in the same rats,
since more than one milliliter of blood was neces-
sary for each protein determination. Thus, we de-
termined, separate from the experimental rats, total
protein in a group of rats having the same age and of
the same strain. The use of supplementary rats for
determining protein variation was not felt to be crit-
ical. A 50% error in the evaluation of plasma protein
variation would induce only a 1% error in the esti-
mated ECW contraction. A lack of correction for
plasma water and Donnan's equilibrium would in-
troduce only a 3% error in the estimated ECW con-
traction. Details concerning these calculations are
given in the Appendix.
Discussion of the results
Renal response to contraction, Most of the in-
crease in the TA excretion rate, which is higher in
group 2, is mitigated by the marked rise in the bi-
carbonate excretion rate. The probable furosemide
inhibition of carbonic anhydrase accounts for the
increase rate of bicarbonate excretion [16]. The rise
in the TA excretion rate may result from (1) the in-
creased rate of phosphate excretion we observed
following the injection in group 2, as previously
described [17], phosphate acting as a poorly reab-
sorbable anion which enhances distal hydrogen ion
secretion itself [18]; (2) the stimulation of a distal
sodium-hydrogen ion exchange process by ECW
contraction associated with an increased supply of
sodium salts to distal tubules [19]. The latter stems
from the inhibition of sodium chloride reabsorption
by furosemide, in the ascending limb of the Henle's
loop. Thus, the greater degree of contraction in
group 2 may explain the higher rate of TA excretion.
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These results are in agreement with previous find-
ings in man [20], which demonstrated the acute
increase in both TA and bicarbonate excretions fol-
lowing furosemide injection.
Bicarbonate transfer between extra- and intra-
cellular compartment. The extracellular bicarbo-
nate store following ECW contraction is smaller
than the theoretical one. At constant arterial Pco2,
this difference, which corresponds to the net trans-
fer of bicarbonate into cells, may be ascribed to
ECW contraction, Indeed, an increase of Pco2 re-
suits per se in a net efflux of bicarbonate from the
cells [21], which may lead to an underestimation of
bicarbonate ion shift into the cells due only to the
contraction. Thus, in the present work (Fig. 1) and
considering only the experiments in which arterial
Pco2 changes below 1 mm Hg, a significant correla-
tion is shown between shift of bicarbonate into
cells, expressed as mmoles per liter of ECW (Y),
and percentage of ECW contraction (x): Y = 0.29x
— 2.23; r = 0.905; P <0.01. In the experiments in
which arterial Pco2 changes are above 1 mm Hg,
differences between theoretical and actual bicarbo-
nate stores are smaller than the transfer value ex-
pected from the degree of contraction. These find-
ings support the hypothesis that the bicarbonate
transfer depends on the magnitude of ECW varia-
tions, as already shown during dilution acidosis [3].
Under the present experimental conditions, how-
ever, the variations of the electrochemical bicarbo-
nate gradient may not be dissociated from the ECW
volume variations. Thus, the influence of the drop
of this gradient, involving a decrease in the passive
bicarbonate shift out of the cells, cannot be ex-
cluded.
Ventilatory response. The observed respiratory
compensation for contraction alkalosis is unexpect-
ed when compared to the absence of significant var-
iation in arterial Pco2 observed during the acute
metabolic aikalosis induced by bicarbonate infusion
[22]. A direct action of furosemide on the respira-
tory center might account for the hypercapnia. No
respiratory effect, however, was evidenced in man
one hour after oral administration of 80 mg of fu-
rosemide [23]. The potential mechanisms of this
respiratory compensation cannot be discussed fur-
ther on the basis of the present work.
Postcontraction phase. This phase is character-
ized by a tendency of the plasma bicarbonate con-
centration to return to control values and by a high-
er renal hydrogen ion excretion than that in con-
trols. An increase in hydrogen ion production,
possibly explaining both phenomena, seems ex-
cluded. No difference in hydrogen ion excretion be-
tween fasting and nonfasting control rats exists until
the 24th hour after injection. This eliminates the
possibility of an increase of hydrogen ion produc-
tion, due to the fasting of the experimental animals.
The increased renal hydrogen ion excretion can-
not be attributed to the mechanism involved in the
acute contraction phase, since the increased sodium
salt supply to distal tubules has vanished by that
time. The excretion of phosphate and other poorly
reabsorbable anions such as creatinates and organic
anions, which were retained in the acute con-
traction period, when GFR was acutely decreased,
might account for the transient increase in the TA
excretion rate combined with a lower urinary pH.
This hypothesis is in agreement with the higher uri-
nary hydrogen ion excretion observed in group 2,
where the initial ECW contraction and anion gap
were greater. The PHC03 decrease we observed
could be explained only by a persistent shift of bi-
carbonate into cells.
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Appendix
Calculations for a typical experiment: Rat of group 2
Initial body weight, BW1 = 265 g
Initial plasma protein concentration = 61) g/Iiter
I) Initial theoretical extracellular water (ECW)0: 0.20 g of body wt = 53 ml.
2) Initial theoretical plasma volume, PV: 0.039 ml X g of body wt = 10.3 ml.
3) Initial theoretical plasma water, PW: (2) x 0.94 = 9.7 ml of body wt.
4) Interstitial water, mt. W: (1) — (3) = 43.3 ml.
5) R = PW/ECW = 0.1833. (1 — R) = mt. W/ECW = 0.8167.
Time of sampling (blood)
or collecting period (urine)
6) Correction factor for plasma water, Fp
for plasma chloride, (Cl)
for plasma bicarbonate, (HCO3)
7) Chloride concentration in plasma water, unoles . ml: (Cl) = (Cl)pIFp
8) Interstitial water chloride concentration, .unoles 'ml-':(Cl)1,, = (Cl) x 1.05
9) Initial extracellular chloride store, .unoles = (7) x (3) + (8) x (4)
10) Mean extracellular water chloride concentration, pnoles . mi-1:
(7) X R + (8) x (1 — R)
Ii) Urinary loss of chloride, .unoles
/2) ECW at time t, ml: ECW, = (9) — (11)1(10)
13) Plasma water at time t, ml: ECW, x R
14) Interstitial water at time t, ml: ECW, x (I — R)
/5) ECW contraction: (ECWO — ECW,)IECW0
16) (HCO3) = (HCO3)1.IF x (F,), .unoles . m1'
17) (HCO3),1, w = (HCO3)w x 1.05 moles m1'
18) Initial extracellular bicarbonate store: (16) X (3) + (17) X (4)
19) Extracellular bicarbonate store at time t, Mmoies: (16) X (13) + (17) X (14)
20) Hydrogen ion excretion — hydrogen ion excretion of control rats during the
same period, pinoles
2/) Bicarbonate transfer into red cells, pinoles
22) Bicarbonate loss by nonbicarbonate buffers, pinoles
23) Theoretical final store without transfers, pinoles: (18) + (20) — (21) — (22)
24) Bicarbonate transfer into cellular compartment other than red cells, p.moles:
(23) — (/9)
0 + 5hr + 24hr + 29hr
18—0 hr 0—5 hr 0—24 hr 0—29 hr
0.94 0.93 0.93 0.93
99 92 93 91
24.2 27.8 24.2 23.8
105 99 100 97.8
ill 104 105 103
5824 — — —
— 103 104 102
— 1680 1680
+46
1680 +
46+2
— 40.2 39.4 40.2
— 7.37 7.22 7.36
— 33,0 32.2 33.0
— 0.24 0.26 0.24
25.7 29.9 26.0 25.6
27.0 31.4 27.3 26.9
1418 — — —
— 1256 1067 1071
— 366 366+
1128
366+
1128 + 48
— 13.4 1.0 0.4
— 12.7 12.7 21.2
— 1757 2898 2938
— 501 1831 1867
aCalculations when correction factors for proteins, plasma water, and Donnan equilibrium were not taken into account, at the fifth hour,
are: initial extracellular chloride store (pjnoles), 99 x 53 = 5247; ECW at the fifth hour (ml), 5247 — 1680/92 = 39; ECW contraction,
(53 — 39)/53 = 0.27 (compared to the value of 0.24 with corrections, that is to say a 3% error in the estimation of ECW contraction.
bCalculations corresponding to a variation of protein concentration from 60 to 80 g/Iiter (instead of 60 to 70) are equivalent to a 50% error
at the fifth hour:(C1) = 100 mmoles/Iiter Mean ECW chloride concentration, mmoles/liter:
(Ci),,,,. w = 105 mmoles/liter 100 x 0.1833 + 105 x 0.8167 = 104.1
ECW at the 5th hr l(mi): 5824 — 1680/104.1 = 39.8.
ECW contraction: 53 — 39.8/53 = 0.25; that is a 1% error in the estimation of ECW contraction.
